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Abstract
There is a continuous drive for ever more efficient aero engines due to environmental
as well as economical concerns. As the technology of conventional turbofan engines
matures, there is a need for new aero engine concepts as well as incremental improvement
of existing technologies. In order to improve existing turbofan architectures there is a
trend towards integrating the design of the different components in the whole engine
system. This creates new challenges both within engine manufacturing companies and
between overall equipment manufactures (OEMs) and their suppliers. Methods need
to be developed where different component requirements can be balanced against each
other for the best performance of the system as a whole. Furthermore, there is a need for
multidisciplinary design and optimization, coupling simulations involving several different
computatational disciplines. In this thesis, a method for consistent conceptual design
is presented. In consistent design, the outcomes of the conceptual design are used to
iteratively update the assumptions made in the initial thermodynamic cycle calculations
until they are consistent. This enables the designer to balance different components
against each other. In addition, a first coupling study of a turbine rear structure and
whole engine performance is made, indicating the necessity of coupled simulations. Some
considerations regarding modeling of engines at conditions far off-design are made. This is
needed because some dimensioning mechanical load cases occur at these operating points.
Finally, non-hierarchical analytical target cascading is introduced as a method that can
be used for coupled optimization during the remainder of this research project.
Keywords: Aero engine, performance modeling, conceptual design, part-load modeling,
multidisciplinary design
i
ii
”I may not have gone where I intended to go,
but I think I have ended up where I needed to be”
- Douglas Adams
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Nomenclature
A Area
a Parameter vector
ACC Active clearance control
BPR Bypass ratio
c Correlation coefficient
CFD Computational fluid dynamics
CO Carbon monoxide
DDTF Direct-driven turbofan
EASA European Aviation Safety Agency
F Thrust (N)
f Nonlinear equation
FEM Finite element method
FPR Fan pressure ratio
g Inequality constraint
HC Hydrocarbon
HPC High pressure compressor
HPT High pressure turbine
ICAO International Civil Aviation Organization
IP Intermediate pressure
IPC Intermediate pressure compressor
IPT Intermediate pressure turbine
LP Low pressure
LPT Low pressure turbine
M Mach number
m Mass flow (kg/s)
NOx Nitrogen oxides
NHATC Non-hierarchical analytical target cascading
OPR Overall pressure ratio
OAT Outside air temperature
p Pressure
q Extended consistency constraint vector
R Ideal gas constant (J/(kg K))
r Response vector
S Selection matrix
SFC Specific fuel consumption (mg/Ns)
TRS Turbine rear structure
T Temperature (K)
t Target vector
v Penalty factor
VBV Variable bleed valve
VSV Variable stator vane
w Penalty factor
v
W Mass flow (kg/s)
x Performance iteration variable
x Optimization variable
Subscripts/Superscripts
pol Polytropic
R Corrected property
0 Stagnation property
25 High pressure compressor entry
41 High pressure turbine entry
Greek
α Update factor
β Update factor
∆ Change in property
γ Specific heat ratio
η Efficiency
pi Penalty function
χ Design parameter
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1 Introduction
The global aviation market is projected to grow at an annual rate of 5% [1] for the
foreseeable future. When aircraft fuel is burned, the greenhouse gas carbon dioxide (CO2)
is produced and emitted into the environment. Furthermore, nitrogen oxides (NOx) are
produced, which have adverse effects on human health. In order to minimize the climate
impact and health effects of air traffic, lowering aircraft fuel burn is therefore essential. In
addition, around 30% of airlines’ costs are composed of the fuel cost [2], though alleviated
by the recent slump in the oil price. The highly competitive nature of the airline market
today puts pressure to drive these costs down.
1.1 The turbofan engine
The dominating jet engine type for civil aviation is the turbofan engine. It was introduced
in order to lower fuel consumption as well as noise levels from the turbojet engine from
which it is derived. The turbojet uses all intake air for combustion. In the turbofan,
only a fraction of the air that is taken in flows through the engine core where the air is
compressed and then combusted together with fuel before it is expanded through the
turbines and exhausted through the nozzle. The rest of the air is propelled by the fan
and directed through the bypass duct before it is exhausted through the cold nozzle. The
lower speed of the bypass air through the cold jet, compared to the core flow through the
hot jet, contributes to a higher propulsive efficiency. The jet noise is also lowered due to
the decreased velocity of the jet.
1.1.1 Turbofan architectures
There are three different major architectures of turbofans that are currently used in civil
air transport, see Fig. 1.1. There is the two-shaft direct-driven turbofan (DDTF), the
three-shaft DDTF and the two-shaft geared turbofan. The two-shaft DDTF consists of a
fan and a booster compressor driven by the low pressure turbine (LPT) and mounted on
the low pressure (LP) shaft, as well as a high pressure compressor (HPC) driven by a high
pressure turbine (HPT), both mounted on the high pressure (HP) shaft. The two-shaft
DDTF is illustrated in Fig. 1.1a with the LP shaft in blue and the HP shaft in orange. In
the three-shaft DDTF, the fan is driven by the LPT. An intermediate pressure compressor
(IPC) is mounted on a separate shaft, the intermediate pressure (IP) shaft, and driven by
the intermediate pressure turbine (IPT). Similarly to the two-shaft architecture, the HPC
is driven by the HPT and mounted on the HP shaft. Figure 1.1b shows the LP shaft in
blue, the IP shaft in yellow and the HP shaft in orange. The geared turbofan has a similar
archictecture to the two-shaft DDTF. The difference is that there is a reduction gearbox
between the fan and booster component, allowing these two components to operate at
different rotational speeds, see Fig. 1.1c.
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(a) Two-shaft turbofan [3]. (b) Three-shaft turbofan [4].
(c) Geared turbofan represented by the PW1000G (Pratt & Whitney).
Figure 1.1: The three most common turbofan engine architectures.
1.2 Trends in aero engine development
Several novel engine concepts, such as intercooled engines and open rotors have been
studied [5, 6]. However, the long time frames and associated high financial risks of
aero engine development mean that these technologies are not likely to be introduced
commercially in the near future. Hence, it becomes important to simultaneously ensure
incremental improvements to engine technology currently in use.
With the increasing maturity of conventional civil aero engine technology, the rate of
improvement in individual component efficiencies is gradually slowing. This creates a need
for the development of methods to balance different component requirements against each
other. This needs to be done both on a system level, i.e. for the thermodynamic cycle,
and on component level through coupled optimization including several components.
The trend of a rebalancing of engine components can be seen in the development at
Rolls-Royce. A comparison of their Trent XWB engine, used for the Airbus A350, to their
next development, dubbed Advance, shows a different work split between the intermediate
pressure (IP) and the high pressure (HP) system [7]. In the Advance engine, more of the
work is done by the HP system compared to the Trent XWB [7].
For engine parts manufacturers, such as GKN Aerospace, it becomes important to
understand how design changes at an engine system level affect the design and performance
of components that the company manufactures. For instance, if the position of a component
interface is altered during an engine development program the company needs to know how
this influences load paths and consequentially the mechanical integrity of the component.
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Therefore, the use of multidisciplinary and multi-level design methods is becoming more
relevant. Multidisciplinary design refers to the involvement of several computational
disciplines, e.g. structural mechanics and aerodynamics, and multi-level design means
incorporating several components or subsystems.
3
2 Aero engine conceptual design
When designing an aero engine, several steps need to be undertaken, see Fig. 2.1. Based on
the customer needs and regulatory requirements, which include factors such as reduced fuel
burn and noise levels, the most suitable engine must be found. In an initial design phase, a
choice of thermodynamic cycle, types and numbers of turbomachinery components and the
engine architecture layout is made. The outcome of this phase is usually the same within
a given engine manufacturer, due to the associated high risks and development costs of
moving to a new architecture. Of the large manufacturers of jet engines for commercial
aircraft, General Electric have been going for a two-shaft architecture, and Rolls-Royce
for a three-shaft for a longer period of time. However, the third large manufacturer, Pratt
& Whitney, have recently decided to move to a two-shaft engine with a geared fan.
After the general layout has been decided upon, the thermodynamic cycle is defined in
the engine design point. Here assumptions are made on for example compressor pressure
ratios, component efficiencies, bypass ratio, combustor pressure loss and turbine inlet
temperature. The performance is then evaluated in a number of off-design operating
points to make sure the engine cycle meets the constraints posed by these operating
conditions. After that, an engine conceptual design is made, where the engine gas path
is mapped out, including component inner and outer radii, number of stages, rotational
speeds, axial Mach numbers etc. Here, correlations based on existing engine data [8]
are used to determine hub/tip ratios, stage loadings, airfoil aspect ratios etc. Also a
correlation-based weight assessment [6] is carried out where suitable materials for the
components are selected and sizes of shafts, discs and casings etc are estimated. It is in
the domain of the thermodynamic cycle studies and conceptual design that the work in
this thesis is carried out.
It is important to point out, however, that aerodynamic and mechanical design of the
individual components still needs to be done after this in several stages of increasing fidelity,
starting with cheaper, less time consuming methods such as throughflow calculations (for
the aerodynamics) moving towards full CFD and ultimately real engine tests. The process
is highly iterative where findings further down the design process can show the necessity
of making changes on a higher level.
2.1 Performance modeling
While modeling the performance of aero engines the so called compatibility equations,
shown in Eq. (2.1) must be satisfied. These consist of compatibility of flow, compatibility
of rotational speed and compatibility of work. Here x1, x2, ..., xn represent performance
iteration variables and f1, f2, ..., fn are corresponding residuals to be iterated to zero.
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Figure 2.1: Gas turbine design procedure adapted from Saravanamuttoo [9]. The green
area indicates the focus of this thesis.
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f1(x1, · · · , xn) = 0
f2(x1, · · · , xn) = 0
... (2.1)
fn(x1, · · · , xn) = 0
Aero engine performance modeling is traditionally carried out in two different modes,
the design mode and the off-design mode. In the design mode, assumptions are made
on component technology levels, meaning efficiencies, pressure ratios and turbine inlet
temperature, for example. This means that the compatibility equations can be formulated
in such a way that they can be solved without iterating, since upstream components give
the requirements on the downstream components. For example, the rotational speed and
work requirements of the HPC will give the corresponding values for the HPT.
In the off-design mode, iteration variables and corresponding residuals are chosen.
This can be illustrated by the 1D compressible continuity equation, Eq. (2.1).
m
√
RT0
p0A
=
√
γM(1 +
γ − 1
2
M2)
−(γ+1)
2(γ−1) (2.2)
Here, a residual can be formed for the cross-sectional area, A. A value of the chosen
iteration variable will then give values for m, R, T0, p0, γ and M . A is then calculated
and compared with the value from the design calculations. This procedure is then iterated
until these two areas match.
2.2 Consistent point analysis
To better be able to balance different component requirements against each other to
create the most optimal engine as a system, it is necessary the the engine designer has
access to the most accurate models at all stages of the design process. One way to
achieve this is to update the initial assumptions on component technology levels in the
thermodynamic cycle calculations, once the conceptual design has been carried out. For
example, turbomachinery component efficiencies depend on parameters such as stage
loading, Reynolds number and component size. This means that the efficiencies can be
updated based on correlations with these parameters, once better estimates of these have
been obtained through the conceptual design. The efficiency assumptions in the cycle
calculation can then be updated until they are consistent with the correlated values based
on the conceptual design output.
Paper A in this thesis introduces a method to implement this process. The algorithm
is summarized in Fig. 2.2. The variables χ1, · · · , χk represent optimization variables, such
as for example bypass ratio (BPR), overall pressure ratio (OPR) and fan pressure ratio
(FPR). The parameters to be iterated until they are consistent with assumptions, for
example component efficiencies, are represented by χk+1, · · · , χm.
6
Multipoint performance 
evaluation
Conceptual design
Converged
Consistent point 
analysis
Optimization
Updated
No
Optimizer
Yes
Optimal
obtained 
Converged
Yes No
χ
k+1
,…,χ
m
χ
1
,…,χ
k
χ
k+1
,…,χ
m
χ
k+1
,…,χ
m
χ
1
,…,χ
k
Figure 2.2: Consistent conceptual design algorithm.
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2.2.1 Potential applications of consistent design
Consistent point analysis can be used to, for example, study the effect on whole engine
level if the efficiency can be improved for one component. This effect can be studied for
several different cases. The engine conceptual design, i.e. the size of components and
shape of the gas path can be kept fix, seeing what effect an increase in a single component
efficiency would have. That can be compared with an engine where the conceptual design
is re-optimized with the new efficiency, but for a fixed thermodynamic cycle. A third case
would allow for re-optimization of the thermodynamic cycle, using the new efficiency.
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3 Part-load performance modeling
In this chapter, the operation and modeling of aero engines’ off-design performance will
be discussed. In particular, operating conditions with low levels of thrust will be treated.
A general introduction to the flight envelope and thrust management of engines is given.
This is followed by a description of how aero engines operate at conditions far off-design
and how this can be modeled.
3.1 The flight envelope
An aero engine needs to operate safely under strongly varying operating conditions. These
include, for instance, take-off on a hot day at a high altitude airport, top of climb at
cruise altitude and idling on the ground. The various operating points encountered by
an engine are enclosed in what is referred to as the flight envelope, see Fig. 3.1. The
highest required thrust occurs at take-off and go-around (acceleration due to a missed
approach) [10]. This thrust level is certified to be maintained for five minutes with all
engines operative and ten minutes in case of engine failure at take-off. The highest thrust
that can be maintained for the entire duration of the flight is the max continuous thrust.
This thrust represents the thrust needed to fly with one engine out and is not available
above a certain altitude [11, 10]. The max climb thrust rating is the highest thrust during
normal climb operation. It is available at higher altitudes compared to max continuous
thrust.
3.2 Engine thrust management
The level of engine thrust must be managed depending on the operating conditions.
Commercial aircraft engines are generally operated flat rated. The level of engine thrust is
in general limited by the turbine inlet temperature (T41). Thermodynamically, an engine
will be able to produce higher thrust for lower outside air temperatures (OAT) at a given
atmospheric pressure. However, higher thrust also brings with it higher mechanical loads
on the engine, meaning that it would have to be sized larger and hence become both more
expensive to build and to operate, due to the increased weight. Instead, the engine is
rated such that it will give a constant thrust for OATs below a flat rating point. This is
what is referred to as flat rated thrust. For OATs above the flat rating point, the thrust
will be de-rated continuously, the higher the OAT, in order to stay below the T41 limit, or
red line temperature, see Fig. 3.2. This means that a longer take-off distance is required,
if all other conditions remain the same. Some engines have a bump rating setting, known
as the Denver bump, for hot day conditions at high altitude airport. Here, a higher T41 is
allowed, facilitating a higher thrust. These conditions commonly occur at Denver airport
in the summer, hence its name. Operating the engines at a higher rating of course has an
adverse effect on engine life, due to the associated higher mechanical loads.
Similarly, for beneficial conditions, including a long runway and lightly loaded aircraft,
the engine can be derated [12]. In this case, the engine will provide a lower thrust in order
9
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to reduce engine wear and hence extend engine life and reduce maintenance costs.
3.3 Engine part-load considerations
In mechanical terms, some of the dimensioning load cases can occur at low thrust operating
points. For example, in newer engines with active clearance control (ACC) in the LPT,
the exhaust gas temperature can be most critical during engine start [13]. With ACC the
LPT case is cooled during the flight to optimize the tip clearance and hence efficiency
during cruise. However, when the engine is started, the different thermal expansion
properties of the turbine rotor and the case can cause the rotor to expand faster than
the case. To prevent this to cause tip rub, i.e. a blade tip touching the case, the case is
not cooled during startup [13]. This means that even if the exhaust gas temperatures are
lower at startup/ground idle than during take-off, the metal temperatures in the case can
reach its maximum here.
Another example is that engine outlet temperatures can achieve its maximum values at
ground idle for some engine types. There is a benefit of keeping the thrust and rotational
speed levels at idle as low as possible for reasons of fuel consumption, emissions and
noise, as well as to avoid excessive braking during taxi [13]. Since most of the thrust
in a turbofan engine is produced by the fan, i.e. low pressure system, the work done
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by the low pressure turbine and hence the temperature drop over it becomes lower for
lower thrust levels. At low idle operating points most of the energy conversion will be
done in the high pressure system, since this is needed to keep the engine running with its
auxiliary functions of supplying the aircraft with electrical power, hydraulic power and
cabin bleed. This means that the temperature out from the low pressure turbine can,
somewhat counter-intuitively, be higher for lower thrust levels at idle. Therefore, when it
comes to structures located behind the LPT, the thermal requirements can be set at low
idle settings. Furthermore, heat transfer effects can mean that the thermal stresses can
reach their maximum during transient operation, such as engine start, if for example the
surface of a component is heated more quickly than the interior. If the convective heat
transfer coefficient is much larger than the thermal conductivity of the material, this can
occur.
3.4 Operating engines at part-load
Several techniques are used to ensure the reliable operation of the compressors at part
load. These include the variable bleed valve (VBV), variable stator vanes (VSV) and
additional bleed valves at one or more locations in the HPC [13].
The VBV is located after the booster. At low rotational speeds of the booster the
valve is opened to prevent surge in the booster. In the high pressure compressor, at part
load, different parts of the compressor will experience different difficulties due to the
many number of stages in the component. The mass flow will be reduced causing a higher
incidence on the front stages meaning that they will operate closer to stall. To prevent
this, variable stator vanes are used in the front stages to reduce the incidence. Conversely,
in the rear stages the compressor will act closer to choking because the annulus area has
been specified for a higher pressure ratio at the design point. The reduced density of
the air in the last stages will mean a higher velocity and thus a risk of choking. This is
prevented by bleeding air in the middle of the compressor [14].
3.5 Modeling procedure
The challenge when it comes to modeling operating points far off-design stems from
the limited amount of available data in the open literature together with the numerical
difficulties that are encountered. It is clear from the previous discussion that there are
several input variables that can be tweaked, and the available calibration data is often
limited to engine emissions certification data at a number of certification operating points.
The ICAO emissions certification data is available online through EASA [15]. It lists
the emissions of unburned hydrocarbons (HC), carbon monoxide (CO) and nitrogen
oxides (NOx) as well as smoke number for four different operating points. Apart from
emissions, the fuel flow to the engine is published in the certification data. The tests are
conducted for 100% thrust, representing take-off, 85% thrust, representing climb out, 30%
thrust, representing approach before landing, and 7% thrust, representing ground idle.
The engine is mounted on a test stand while carrying out the tests and there is no power
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extraction or stage bleed. When modeling, therefore, the model should be tuned so that
it matches the emissions certification data at the four operating points mentioned above.
For modeling of ground idle operation, first an estimate on the idle thrust must be
made. The level of idle thrust is usually lower than 7% which is the idle certification
point. Data from several existing engines, gives a correlation of idle thrust with max
thrust according to Eq. 3.1 [16]:
FN,idle
FN,max
= c1 + c2ln FN,max (3.1)
with FN representing net thrust and c1 and c2 correlation coefficients. There also exist
data on how thrust varies with fan speed [17] that can be used to validate the model.
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Figure 3.3: Compressor map of a booster with example of a running line. As the running
line approaches the surge line for lower thrust levels there is need for control bleed after
the compressor.
Furthermore, the available compressor maps do not cover the operating conditions at
low idle settings. The behavior of the compressor must therefore be extrapolated based
on correlations in this region. Based on data of existing engines the polytropic efficiency
can be expressed as a function of the corrected mass flow [16]. A third order polynomial
is used according to Eq. (3.2):
1− ηpol
1− ηpol,max = c1
(
W25R
W25R,max
)3
+ c2
(
W25R
W25R,max
)2
+ c3
(
W25R
W25R,max
)
+ c4 (3.2)
with ηpol being the polytropic efficiency and W25R the inlet corrected mass flow to the
high pressure compressor.
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Both a direct-driven two-shaft engine and a geared engine have been modeled using
the Chalmers in-house code GESTPAN [18]. It was observed that the direct-driven engine
needed more use of variable geometry and control bleed in the compressors to reach
convergence when modeling than the geared engine. The booster component in the
direct-driven configuration drops to very low pressure ratio (almost one) already for
modest off-design thrust levels. This means that when the corrected mass flow drops
even further, the compressor will move left towards the surge line, see Fig. 3.3. In order
to increase the corrected flow and move away from surge, air must be bled behind the
booster. In contrast, the geared engine’s booster has a higher pressure ratio due to its
higher rotational speed, which means there is greater scope for reducing the booster
pressure ratio as the thrust is reduced.
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4 Multidisciplinary design and optimization
During the last decades, computer simulations as a tool in engineering design has become
the standard. The possibility to assess the performance of a product through numerical
simulations has created the opportunity to, in a virtual environment, test many different
design variations in an inexpensive way. Before the simulation era, a new design was
created based on experience from old designs and correlations. A prototype was built and
tested and then improved upon in a number of iterations to obtain a final, “optimized”
design. With the aid of for example Computational Fluid Dynamics (CFD) and Finite
Element Method (FEM) simulations the duration and cost of these design iterations have
come down significantly. This has facilitated the ability to do much of the optimization
work before a prototype is even built. Within each computational discipline, such as
fluid dynamics or structural mechanics, the improvement pace has started to slow as
the designs get ever more mature. The focus in engineering design is therefore gradually
shifting towards multidisciplinary and multi-level design.
Engineering companies are often organized so that engineers working within different
disciplines or different subsystems of a product are placed in different divisions. The
consequence of this is that the coordination of a multidisciplinary or multi-level design
project becomes a challenging task. There will always be trade-offs that have to be made
between different disciplines or subsystems. When making a decision on which design
solution to choose, this can lead to that the division manager with the best verbal skills and
negotiating ability will secure a design solution best suited for that manager’s discipline.
Therefore it is desirable to have a method that can coordinate a multidisciplinary design
problem automatically. This chapter will outline how this can be done for a turbine rear
structure in the context of whole engine modeling.
4.1 Turbine rear structure
The turbine rear structure (TRS) is a static structure situated at the back of the engine,
namely behind the low pressure turbine (LPT), see Fig. 4.1. Its function is to transfer
loads from the engine core to the pylon and wing of the aircraft. In modern designs it
also has a de-swirling function. Some engines can have a significant amount of outlet
swirl from the LPT, which creates a need to de-swirl the flow to utilize the kinetic energy
of the core flow in an efficient manner. This is done by diffusing the swirling component
either to increase pressure and thrust of the core nozzle, or to allow expansion to a lower
static pressure increasing LPT power output. This means that the TRS vanes have a
dual function. Furthermore, these vanes are often used to transfer oil from the aircraft to
the engine (for instance for lubrication of the shaft bearings). It is clear that the various
functions of the TRS causes its design to be of a highly multidisciplinary nature.
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Figure 4.1: Location of the TRS in a Rolls-Royce RB211 (Rolls-Royce plc., 2004) [19].
4.2 Coupling analysis of whole engine and TRS
In Paper B a first step towards a coupled study of the whole engine performance and
the TRS was taken. The paper studied the effects of a TRS designed to match the
outlet conditions of an LPT well, and one where the flow angles from the LPT outlet
and the TRS inlet do not match and separation is present. The study was done to
investigate the relevance of an integrated design of LPT and TRS. For example, in an
engine development project, it is possible that late design changes need to be made to
a component, such as the LPT, to reach its performance specifications. These changes
may lead to a significantly changed performance of another component, such as the
downstream TRS. Results showed that even using relatively rough models, not accounting
for all effects, there was a significant increase in engine SFC for the separated TRS
compared to the well-matched version. This shows the relevance for the advancement of
coupled simulations. In order to make a more detailed study, a method for coordination
of multidisciplinary problems called non-hieararchical analytical target cascading can be
used.
4.3 Non-hierarchical analytical target cascading
Non-hierarchical analytical target cascading (NHATC) [20] is one way of coordinating
multidisciplinary optimization problems. The design problem is divided into subproblems,
see Fig. 4.2. In NHATC, the optimization variables in each subsystem are identified,
as well as the design constraints. The parameters that are communicated between the
different subproblems are divided into targets and responses. For a given parameter
that is computed in a subproblem (e.g. subproblem j) a response, rjn, is sent to the
subproblem which is communicated with (e.g. subproblem n). Subproblem n then sends
back a target, tnj for the same parameter to subproblem j. The set of subproblems for
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Figure 4.2: Structure for a general problem formulated using NHATC [20].
which j is computing responses and receiving targets from is denoted Rj .
A consistency constraint is then formulated to drive the difference between rjn and
tnj to zero. Likewise, for the set of subproblems, contained in Tj , that j sends targets to
and in which a response is computed and communicated back to j, another consistency
constraint is formulated. Consistency is obtained through the utilization of augmented
Lagrangian penalty functions denoted pi in Eq. 4.2. The formulation of the general
NHATC problem looks according to Eq. (4.1).
min
x¯
fj(x¯) +
∑
n∈Rj
pi(tnj − rjn) +
∑
m∈Tj
pi(tjm − rmj) (4.1)
subject to gj(x¯) ≤ 0
with rjn = Sjnaj(x¯), n ∈ Rj
x¯ =
[
xj
tjm
]
,m ∈ Tj
Here, x¯ contains the optimization variables, gj represents the inequality constraints, Sjn
is a selection matrix that selects components from aj to be sent to subproblem n. The
indexing is organized such that the first index represents the subproblem which sends the
parameter and the second index the subproblem that receives the parameter.
The consistency constraints are relaxed through the augmented Lagrangian function pi
according to Eq. (4.2), using the penalty parameters v and w:
pi(tnj − rjn) = vT (tnj − rjn) + ||w ◦ (tnj − rjn)||2 (4.2)
The symbol ◦ represents the Hadamard product, which is an entry-wise multiplication
of two vectors, yielding a ◦ b = [a1, · · · , an]T ◦ [b1, · · · , bn]T = [a1b1, · · · , anbn]T [20].
4.3.1 Coordination of the NHATC problem
The NHATC problem is coordinated using an alternating direction method of multipli-
ers [21]. The subproblems are solved sequentially for a given set of penalty parameters v
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and w. Until convergence is reached, the penalty parameters v and w are updated using
the formula:
vk+1 = vk + 2wk ◦wk ◦ qk (4.3)
where q is a vector containing the extended consistency constraints, i.e. the consistency
constraints as well as the system-wide inequality and equality constraints. The penalty
weight wi is updated according to:
wk+1i =
{
wki if |qki | ≤ α|qk−1i |
βwki if |qki | > α|qk−1i |
with β > 1 and 0 < α < 1 (4.4)
4.4 Coupled optimization using NHATC
Building on the problem studied in Paper B, the NHATC formulation can be used to
coordinate the problem in an efficient way. The problem is then divided into three
subproblems. Two subproblems are connected to the turbine rear structure (TRS) and
one with the whole engine performance. The TRS is divided into one structural problem
and one aerodynamic problem, according to Fig. 4.3. The structural problem will contain
the structural constraints on the TRS, regarding for instance bending stiffness and
equivalent stress. This problem will have some local variables, i.e. variables that are only
used in the structural subproblem. The local variables represent variables that have a
significant impact on the structural performance of the TRS, but that do not influence
the aerodynamic performance significantly. One example could be the geometry of the
hub cone, see Fig. 4.4 since the hub cone does not see the flow through the TRS. These
variables represent xstruct in the problem formulation, see Fig. 4.3 and Eq. (4.7). The
output, or response, from the structural discipline is the mass of the TRS, which is
communicated to the system performance discipline.
On the aerodynamic side, the TRS should fulfill its de-swirling function while minimiz-
ing the pressure loss over the component. Similarly to the structural subproblem, variables
are chosen that influence the aerodynamic performance but that have no major impact on
the structural performance. This might include for example vane angles. The optimization
variables for the aerodynamic subproblem constitute xaero in Fig. 4.3 and Eq. (4.6). The
response from the aerodynamic discipline that is communicated to the system performance
subproblem is the stagnation pressure drop over the TRS. The different subproblems can
also have one or more shared variables, i.e. optimization variables used in more than one
subproblem. The shared variable vector xshared will include variables of significance both
to the aerothermal and structural performance of the TRS. One such variable is the blade
lean angle.
On the system performance level, the objective is to minimize the specific fuel consump-
tion (SFC), including weight effects. Here, a number of system performance parameters
can be used as variables, such as compressor pressure ratios, bypass ratio (BPR) and
fan pressure ratio (FPR). These are then included in xperf in Fig. 4.3 and Eq. (4.5) The
system performance subproblem will communicate a target weight and a target stagnation
pressure drop to the structural and aerodynamic disciplines, respectively. A minimization
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Figure 4.3: NHATC coordination scheme for the coupled TRS optimization.
Figure 4.4: Turbine rear structure [22].
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problem will then be formulated for each subproblem. The system performance objective
function will contain the SFC. Furthermore, the consistency penalty functions containing
the difference between the target values (supplied by the system performance subproblem)
and the response values (supplied by the structural and aerodynamic subproblems) for
the weight and pressure drop are included in the objective function.
The structural and aerodynamic subproblems do not have any individual objective.
Therefore, their objective functions will only consist of the penalty functions for the
consistency constraints. These contain the target and response values communicated with
the system performance and the shared variable between the structural and aerodynamic
disciplines.
The system performance problem is formulated according to Eq. (4.5).
min
xperf,t∆p0 ,tweight
SFC + pi1(t∆p0 − r∆p0) + pi2(tweight − rweight) (4.5)
subject to local constraints
The aerothermodynamic subproblem is formulated as:
min
xaero,xshared,aero
pi1(t∆p0 − r∆p0) + pi3(xshared,aero − xshared,struct) (4.6)
subject to local constraints
The structural subproblem has the following formulation:
min
xstruct,xshared,struct
pi2(tweight − rweight) + pi3(xshared,aero − xshared,struct) (4.7)
subject to local constraints
Note that the target values for the pressure drop and weight are included in the
optimization variables for the system performance. The system performance subproblem
will of course desire as low values as possible for the pressure drop and the weight. The
penalty functions with the updates of the penalty weights according to Eq. (4.4) will aid
in obtaining a solution with the lowest possible feasible values for the pressure drop and
weight that the aerothermodynamic and structural TRS subproblems can give.
4.4.1 Future work
To be able to resolve the coupled effects of design changes on the TRS better, a more
detailed model of the rotating component located adjacent to the TRS, the low pressure
turbine, is necessary. The TRS and low pressure turbine are tightly coupled in several
ways. The geometrical locations of the interfaces between the two components influence
the performance of both components. Also, the flow angles out of the LPT will be of
great influence on the vane design of the TRS. From a system performance perspective,
the LPT is one of the components that influence engine SFC the most. Since most of
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Figure 4.5: Meanline design of low pressure turbine, using LUAX-T [23].
the thrust in turbofan engines is delivered by the fan, the efficiency of the LPT, which
drives the fan, has a large effect on whole engine performance. Moving forward, therefore,
a conceptual design of an LPT will be created to better assess these effects. The first
step is to create a meanline design of an LPT that achieves a specified aerodynamic task.
Meanline design assumes that the flow at the mean radius of the turbine is a sufficiently
accurate representation of the average flow. Further, it is assumed that the flow variation
in circumferential direction is such that it sufficiently accurately for the task at hand
allows itself to be represented by an average. The output from meanline design will be
the shape of the turbine gas path, Fig. 4.5. The output will also contain an estimate of
turbine power and efficiency as well as flow angles at the meanline.
For a more detailed study of the turbine, the turbine blades can be shaped and stacked.
After this, through-flow simulations can be made. Here, the spanwise variation of the
flow is taken into account. The streamline curvature method [24] is an example of such a
method. Available softwares that can be used for through-flow calculations include SC90T
by PCA Engineers [25] and AxCent by Concepts NREC [26]. For even more detail, full
3D CFD simulations can be used. Here, the three-dimensional geometry of the turbine is
laid out and 3D effects of the flow, such as turbulence, is taken into account. A number
of different CFD softwares exist, one of which is ANSYS CFX [27].
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